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Abstract
According to the Mars Express mission, the MARSIS
primary scientific objectives are to map the distribution of
water, both liquid and solid, in the upper portions of the
crust of Mars. Three secondary objectives are also defined
subsurface geologic probing, surface characterization, and
ionosphere sounding.
In order to obtain the primary objectives the Radar Sounder
design was based on the Ice/water interface and Dry/ice
interface scenario: defining the material composition of the
first layers and porosity and the pore filling materials.
Concerning the surface, we have characterized the
geometric structure in terms of a large-scale morphology,
on which a small-scale geometric structure, due to rocks, is
superimposed, taking into account also that recently the
structure of the planets surface was described by means of
fractals and in particular the new MARS surface models
obtained by processing of the MOLA data.
According to these models, this paper provides a description
of the operational planning approach and expected
performances of MARSIS.

1 INTRODUCTION

MARSIS is a low-frequency nadir-looking pulse limited
radar sounder and altimeter with ground penetration
capabilities, this radar can effectively operate at any altitude
lower than 800 km. In order to maximize the penetration
capabilities of the transmitted pulse MARSIS must operate
at a frequency as low as possible as carrier frequencies
taking into account the expected values of the plasma
frequency in the Martian ionosphere: 1.8, 3, 4 and 5 MHz
was selected. Moreover the requirement of fine range
resolution entails a relatively large transmitted bandwidth (1
MHz), so that MARSIS will operate with a very high
fractional bandwidth: a 1 MHz bandwidth allows a vertical
resolution of 150 m in vacuum which corresponds to 50-100
m in the subsurface, depending on the e.m. wave
propagation speed in the crust.

According to the well known principle of operation of a
subsurface radar, a short pulse of e.m. energy transmitted by
the antenna impinging on the top of the Mars surface
produce a first reflection echo, which propagates backward
to the radar, moreover, thanks to the long wavelengths
employed, a significant fraction of the e.m. energy
impinging on the surface is transmitted into the crust and
propagates downward. Additional reflections, due to the
subsurface dielectric discontinuities would occur and the
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relevant echoes would propagate backward through the first
layer medium and then to the radar generating further echo
signals, much weaker than the front surface signal. The time
delay of the echo can be converted to a depth, assuming that
the propagation speed of the medium is known, and the
intensity of the reflection can be analyzed to estimate the
reflectivity at the interface and the attenuation properties of
the intervening layers.

In order to optimize the radar design, according to the
suggestions from planetary scientists, we have selected
some models of subsurface porosity profile and
composition, as described in the following. Moreover the
two most likely scenarios representing the relevant
interfaces are the following:

Ice/water(I/W) interface — in this scenario the pores are
filled with ice from the surface down to a depth below
which liquid water is stable and becomes the pore-filling
material. The change of the pore-filling material causes a
discontinuity of the overall dielectric constant, which can be
detected by the radar sounder.

Dry/ice(D/I) interface - here the pore-filling material is
considered to be gas or some other vacuum-equivalent
material up to a depth, below which ice fills the pores.
Hence the interface to detect is between dry regolith and
ice-filled regolith.

We can notice that a dynamic range of 50-60 dB can be
managed by the instrument, but there are several factors that
can strongly reduce the detection dynamic mainly the noise
and the surface clutter In fact due to the orbital sounding
geometry, the off nadir surface return will be received at the
same time of subsurface echoes. Then, in case of rough
surface, the surface echoes may happen to hide weak
subsurface features and the detection of discontinuities in
the crust could be indered by surface clutter. As more the
surface is smooth as more rapidly the returns from the
surface at off-nadir angles will drop off.

Hence it is important to evaluate the penetration depth that
is possible to reach according to the transmitted wavelength
the dielectric characteristics of the crust and the surface
scattering behavior as a function of the surface topography.
which uses synthetic aperture techniques and a secondary
receiving antenna to isolate subsurface reflections.
Moreover different techniques are envisaged to increase the
detection performance against surface clutter. First of all the
Doppler Azimuth Processing significantly reduces the
surface echoes coming from along track off nadir
reflections: the improvement on the overall surface clutter
attenuation should be of the order of 10 dB.
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Then the instrument secondary antenna, a monopole
oriented along the nadir axis, will receive mostly the off-
nadir surface returns, that could be thus subtracted by the
primary antenna composite signal, further reducing the
surface clutter level (about ~15dB).

Finally echo profiles collected at two different frequencies
can be processed to separate the subsurface reflections,
which are strongly dependent on the frequency, from the
surface reflections, which are mostly frequency independent
(the achieved improvement can reach 10-15 dB) and to have
information of the first layer attenuation.

2 SURFACE
MODELS
In order to estimate the reflectivity at the interface and the
attenuation properties of the intervening layers and to
assess the interface detection performance it is required to
evaluate the back scattering cross sections of concurrent
echoes coming from the surface and subsurface layers:
o, =T, -f (H,s,,\) o, =T, f.(H,s.,A\)
being I'y and T'gs the Fresnel reflectivity terms, which deal
with the surface and subsurface dielectric properties and f;
and f; the scattering terms, which deal with the geometric
structure of the surface and subsurface.

2.1 Fresnel coefficients and subsurface attenuation

In Tab.1 are listed the values of dielectric constant of the
materials which can be considered as end members of the
range in which the first layer of the Martian surface
materials may vary. The dielectric properties of the water
and ice filling the pores are listed in the Tab.2.
It should be noted that, since porosity depends on the depth,
so will do the effective dielectric constants of the mixture.
In order to evaluate the mixture dielectric constants, we
have used the Maxwell-Garnett model

e ()=, F20E)
=T

and the porosity at depth z is

AND SUBSURFACE SCATTERING

@.1.1)

where |, _ €, "€,
€, +2¢,

(2.1.2) ®(z)= q)(o)ff
€, | Tangd g,; |tangd
1 5 10.004 Gas 1 0
I 19 10.03 Ice 3.1510.0002
I [7.1]0.014 Water [ 88 [ 0.0001
Tab.1 Tab.2

In (2.1.2) K is the decay constant that, for Mars, can be
computed by scaling the measured Lunar decay constant for
the ratio between the Lunar and Martian surface
gravitational accelerations, under the assumption of
comparable crust densities: the resulting value for Mars is
K=2.8 km.

Using the eq.(2.1.1), the effective dielectric constant of the
mixtures which have been selected to represent the Martian
porous regolith can be evaluated, as a function of the depth,
and of the surface porosity. Therefore the well known
Surface Fresnel reflectivity for nadir incidence (from free
space propagation) can be evaluated

(2.1.3) /
Fs=1_;} (n) =R
being ¢€,(0) the real dielectric constant of the crust

evaluated at the surface (z=0).
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The selected models make the surface reflectivity ranging
between -6.5 dB and -9.5 dB for the I/W scenario and -7 dB
and -12 dB for the D/I scenario.

1—‘s|dB
I/'W D/1
50% | 20% | 50% | 20%
I 1-951]-9 -12 [-9.5
I |-7.5(-6.5 |-9 -7
I|-8.5|-7.5 |-10 |-8
Tab.3

The Fresnel reflectivity for a subsurface layer located at a
depth z’ can be expressed as follows
—0.1:[a(z)dz

T, =R,.(1-R.)10 *
(2.14) 58,20 — LYo 01
being Rzlz,zﬁ the reflection coefficient of such interface:

015 p: _|VELE)=e G
Ve G+ e )|

By the defined crust materials, we have obtained for the two
scenario:

I/'W — R*},,= (-10+-18) — 3dB/Km
(2.1.6)

D/1 — R?, = (-20+-28) — 3dB/Km
where the first term is related to the first layer porosity and
the last one is due to the decreasing of the porosity with the
depth. We can notice that the Rzlz,zﬁ is near crust material
independent.
Concerning the two way attenuation:

@17) 0y, (2)=1.8-107 £, /e(z)tand(2)

we have obtained, as a good approximation, the functions
detailed in Tab.4.

Ol (Z) | aB/kmMHz
/W D/1
50% 20% 50% 20%
1 (0.8+0.1z) [ (1.3+0.052) | (0.9+0.1z) [ (1.3+0.052)
T-U/I | (3.7+0.54%2) | (640.25%2) | (4.3+0.54%7) | (6.3+0.25%2)
-2 | (8.5+1.1%2) [(13.310.5%2) | (9.5+1.1%2) [(13.7+0.5%2)
Tab.4 (z depth in Km)

2.2 Surface backscattering models

At the beginning of our analysis we modeled the Martian
surface back scattering considering two main terms: the
first, called large scale scattering contribution, resulting
from gentle geometrical undulations of the surface on a
scale of many hundreds to thousands meters, whereas the
second, called small scale scattering contribution, giving
reason of the fast, slight variations of the surface height over
an horizontal scale of some tenths of meters. A plausible
range for the parameters describing the surface geometry is
listed in the Tab.5.

LARGE SCALE MODEL SMALL SCALE MODEL
RMS slope (m,) | Correlation Length || RMS Slope | RMS height
0.01-0.1rad. | 200 —30000m 0.1-0.6rad. | 0.1—1m
(0.57°-5.7°) (5.7°-34.3°)

Tab.5: Summary of the values range for the geometric
parameters of the surface
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From the statistical point of view, the surface height was be
modeled as a Gaussian random process, being G, the total
surface RMS height. At a second order level we suppose (as
usual) an isotropic correlation coefficient.

Simple approximate methods can be applied for surfaces
which present a unique roughness scale, with either a big
correlation length (gently undulating surface), or a very
small rms height (slightly rough surface) compared to the
incident wavelength. Specifically, the Kirchhoff method can
be applied for gently undulating surfaces, which respect the
tangent plane conditions and the Small Perturbation Method
can be applied to slightly rough surfaces. The classical
studies on the validity conditions of these two models [1]
have been recently updated [2], and regions of validity
currently defined are reported in Fig.1. It is evident from
these figures that the Kirchhoff approximation can be used
to evaluate the large scale backscattering contribution
whereas the Small perturbation method can be used for the
small scale contribution.

0.9
A L>2200 m
irchhoff Model
k oy <
\ o
ms=0.6 (34.2°) S
55
H =
< ©
: a4 a
ms=0.1(5.7°) ~._ ms=0.037 (2.1°)
o L T~ >
’ 1.0 kL 10.0
0.8 &
ms=0.6 (34.2°)
Slnall Scale
k on Params
Small e
Perturhation N\ SO S
T =001 (5.7°)
: S ‘ .
v / ‘\ <=1 m -
0.0 M >
1.0 3.0 kL

Fig.l: KIRCHHOFF and SMALL PERTURBATION approximation
validity conditions (k=21/A)

2.2.1  Large Scale Contribution evaluation

Under Kirchhoff approximation hypotheses the scattered
electric field to the antenna is given by the following
integral [1]:

(2.2.1) E(r jF(w ( IG(P),R(P)_"'(szel)_ejszldS_e,-wdw
Rl
where E=(1/R)e Jle is the incident spherical wave, F(®) is
the Fourier transform of the transmitted pulsed waveform, A
is the wavelength, P is the generic point on the surface,
G(P) is the antenna normalized gain in the direction of the
point P on the surface S, R(P) is the Fresnel coefficient, R;
is the distance from radar to the point P, R 1 is the unit

vector corresponding to the path from the radar to the point
P, fi is the unit vector normal to the surface in the point P
and finally k=27/A is the wave number.

If we make the further hypotheses of Isotropic antenna
pattern and surface tilts are small enough to allow that we
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confuse the local normal to the surface with the vertical
axis, we have G(P)=1 and n- R, = z - R, = cos0 , where
0 is the incidence angle with respect to the vertical.
Moreover the distance from the radar to the generic point

P(x,y,z) can be approximated, under the far-field
approximation, as:
2 2
+
(222) R, =h—-zcosf+ %

where h is the distance from the Radar to the mean surface.
With all these assumptions the eq. (2.2.1) becomes:

x? +) 2 z-cos6

(2'2'3)E5(T)— 2cosl9 J'dSJ “'[ .

J jaF (w)dw

Zh
where T=f—— and the angle of incidence has been
c

supposed to undergo no significant variation within the
pulse limited integration area, and has been therefore taken
out of the surface integral.

The average scattered power at time T can be evaluated
taking the average of the product of the scattered electric
field with its complex conjugate:

Hakiothalin] 2%

2.24) JdS JdS 0z -02,)

S S,
where T’ (9):‘ R(O]2 is the Fresnel reflection coefficient.

The average on the height z can be expressed as a function
of the surface two-dimensional characteristic function:

22.5) < e"zcjse(wm)m) e
The solution of the integral is not ea51ly achievable in the
general case: a closed form has been derived [4] assuming a
gaussian correlation coefficient (gaussian roughness
spectrum):

&
226) pE)=e ©

- F)=35le-0,)+sle+0,)}

which corresponds to a gaussian shape for the compressed
pulse

cos’O

(0)1*'0’% —2p(x1,%2, 35 '2)0)1032)

e S(jw)=—Le

12

f@)=e * cos W,t
is the carrier frequency and Gp is related to the
037
BW
These hypotheses lead to the following results [4]:

(2.2.8) <E()E()>—F(9)4h cos8 (P +P

(2.2.7)

where @,

system bandwidth By : 4

ncl I)ncZ )

where P. (t) is the coherent (specular) scattering
component:
1 _(2ko’,,lcos 0y — 212
(2.2.9) P, (T) - e 1+F e 2070+F)
1+ F

while P,. (t) = P,c1(V)-P,e2(T) is the non-coherent (diffuse)
scattering component:



- ﬁ E.e%z.e—ngLT:. " 71 _ 7
S e [ﬁ am]

k 0}, co ? ﬂ:(l+ ) _ T
P (‘L’)=¢ \/; .em 1+F39) .eZ(HZ;).e op142F
22.10) =7 iFiar 2
1 1+F T
Erfe— -
%fz(ﬁ 142F O'P\/l-i—F):l
where:
(2.2.11) 10?2 cos’ normalized roughness
F = Kl 8
2 (¢co, Y
2
(22.12) g, =0+ 20,009 _ equivalent pulse width
eq P
C
=0 142F
@213 p=CSCe MIX2F (1 Crower)

2h m’cos 6

surface parameter
Therefore the cross section of the large scale surface model

is given by:
(2.2.14)
E.(T)E:(T
0 @=BOEO) e e cose (2 +p—r)

(E, (0] (@)

We can notice that the maximum power is received when
full coherent reflection occurs, i.e. when the surface is
perfectly flat (6,;,=0). In such a condition it is easy to verify
that P,.,=P,., and the non-coherent term P,. reduces to
zero, while the coherent term P, approaches the shape of the
transmitted pulse, which is maximum for T = 0 so that:

(2.2.15) O wax (0): Fs (0)77’-}’2

which is a value consistent with well know result for
perfectly flat surfaces reflection coefficient. As the surface
becomes rougher (oy; increases, oy; >> A ) the coherent

component goes towards zero and non-coherent scattering
becomes dominant (geometrical optics model):

ﬁﬁ
ﬂ P
o-lMAX,NC(T)zFS(OWZ 152F15'2'e 2 =
=T O e 2m =T, (0
m;

1
2B, m;

being |5 € the radius of pulse-limited region of
2. Bw

conventional altimeter mode.
In the following our attention will be devoted only to the
maximum of the return waveform.

(2.2-16)

2.2.2  Fractal Surface topography model

Following, recent attempts to describe the structure of the
planets surface by means of fractals, and several papers on
the analysis of MOLA ( Mars Orbital Laser Altimeter) data,
from the Mars Global Surveyor, we tried to introduce this
model in our instrument performance evaluation. We wish
to recall that MOLA is Laser altimeter whose data can be
reduced to topographic height and, due to the time interval

between the measurement, are spaced of about 300 m. In
particular it was outlined (s. e.g. Fig.2a) from [7]) that Mars
surface point to point slope seems to display a power law
behavior vs. the lag distance typical in fractal profile and the
parameter that drives the scaling behavior is called Hurst
exponent H. Moreover by considering larger values of lag
distance we have obtained a best fitting, by experimental
analysis, with the classical stationary Gaussian amplitude
model correlated with exponential correlation function

(2.2-17) |Ax[*" )

p(Ax) = exp( — rr

We wish remember the approximation with the well known

0.t - v
5{100)f= 0.068

™77 TTTY

3(100)

s(100)
0.0t ¢

RMS slope

0.001 L

0.0601 L
1900 1090

10000 100000

Lag distance, meters

] H-062 L=3500, 6,=21 |-
1 H-081, L=12000, 5,=232 |-+

AX
Fig.2b)
Fractal correlation function [5]:
(2.2-18)
(A0 =expl) \ZH) |l Ax=kA,
p =expt =]-— - _
L 2L =k, = ko /e

where for stationary functions k=2 [5].
Removing the average trend from the profiles we have
planned to obtain the mean value of the RMS height from

Mola data
o = =X COY
(2.2-19) i=l

The Hurst coefficient can be estimated trough the Allan
variance (Gallant) (semivariogram) that can be computed
trough the N profile samples according to (Ax =k -Ax,—k)

(22-20) sty ={ew)—ztxr+20F) =w&o{§jsw1)~k” =
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Y i) -z + 0

2 k — _i=l
v= (k) N %

so that
(R221) o) =Hlogk Hogt(h) nth =) <) =2
being the slope

Ayl [Ax JHI

s(Ax) =V (Ax, ) — = 5(Ax,) -
Ax Ax,

0

s(My=+20, %
L,

Thence trough a linear best fitting, performed in a proper
lag distance, of the logarithm of the Allan variance, H and
v(1) (and the slope) values for each subsection can be
estimated.

Moreover the same profiles and the same sections can be
processed to obtain the correlation function according to:

Nz'k(z(i) G+ k)
fz< OF + 1 3 COY

i=l+k
To model the correlatlon functlon with the analytical model
(s.(2.2-18)) we can write:
(2.2-23)

(2.2-22)

p (k)=

log(In )=2H log k —2H log k,

k)
Again from a linear best fitting in a logarithm scale
estimation of the parameters H and k. can be obtained.
In order to validate the selected algorithms we have selected
a surface region (3.5-4 S, 112.5-113 E) of 10¥10 Km (due
to the preliminary information of the correlation length and
MARSIS spatial resolution). Taking into account of the
behaviour of fig.3a), by best fitting we have obtained the
flat surface of fig.3b), so that on the difference (s. fig.3c))
we have applied the previous estimation technique (for each
selected profile in column and line direction, performing
proper mean values) obtaining the fractal estimated
parameters shown always in fig.3. We have obtained H
values near 1, so that the geometric optical model can be
applied.
The previous approach was applied to Guesv crater (13-16
S, 173-177 E, characterized by big slope around the crater)
of 170*250 Km? in all (overlapped in column and line
direction of 5 km) sub regions of 10¥10 Km? , obtaining the
results of fig.4.
We are arrived to the conclusion that the well known
backscattering models under Kirchhoff formulation can be
applied [3][4].
Moreover we wish recall the following range of surface size
involved in MARSIS Altimeter by considering pulsed
limited region and cross track region over imposed to
subsurface region to be investigated:

Radar range resolution = r

h-R
- TMARS R, =8—15km

+RMARS
Pulsed Limited radius

R5=1/26Rp S=ir— depth —§="5km— Rs =44—90km

Cross-track range, from nadir pointing, displacement of the

Ry =[2R —R =
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surface clutter region referred to subsurface depth O :
the permittivity constant of the first layer will be taken into

account in 6.
- /2:= \/2;".\5 6, =0.05-0.457ad

Cross-track angle

po T

Bs =1.5-4-10 *rad

L, =Bs H~r /% Ly, =0.7-1.4km

Cross-track size

where the cross-track angle and size are referred to the
circular rings.
Concerning the backscattering from the surface, pulse
limited region, (taking into account that we are in side or
outside Fresnel region and the small observation angle
referred to nadir pointing ) we wish recall the cross-section
[31[11],( related to the maximum value of eq.(2.2-15)):

e nadir observation
(2.2-24)

—4i*o} —4i’or
| e (l—e ")

O 2 & (7 E
2+l", —+— ,+%+2m
Av-Ly 7 \4m-Ly, m° \4w-L,

N 2
L
47r-lﬂ Th

where L, (L, ) is the backscattering region size defined in
along (cross-) track observation direction.
e cross track observation, in the region related to
subsurface investigation (depth 8 ),:

(2.2-25) ~ ~
\]Z/f'%ﬁ E‘%ﬁ
12 128
d_ 10 ¥ .o W7 + (I—eJ’kz"f)e ,
s

12| * L 1A .| % Ly
\ow 7\, e ot 2w

as worst case we can assume the maximum value of the

0,5 in the region under investigation, in order to evaluate

the maximum level of the
corresponding subsurface region.
Moreover where the H #1, taking into account that, by
considering small angle referred to nadir observation, we
can use always the previous eq. where the slope my

becomes:
_H
H

where s()A) is the value of the rms slope evaluated between
points separated by a distance equal to the transmitted
wavelength:

clutter involving the

(2.2-26) _ (2\/5”)(1/HH (S()‘))I/H

(2.2-27)

s(A) =20, ()“L);

H



Moreover we can notice different statistical properties in x
and y direction in some regions of Guesv crater, e.g. crater
edge as shown in fig.4, where the subsurface investigation
is not easy, due to the particular slope in x direction. In this
case, in order to estimate the backscattering, facets methods
should be applied.

3 CONCLUSIONS

In order to evaluate the surface backscattering, the
following procedure (by MOLA data) can be applied:
e Selection of the 10¥10 km® regions, overlapped of 5
Km in the perpendicular directions
e Flat surface estimation for each region by best fitting
e  With reference to the flat surface for each region must
be estimated:
z; mean value of the surface height
OLi, Ol surface slopes in x and y direction
e  With reference to the difference between input MOLA
data and the flat surface for each region must be
estimated:
o; rms surface
L; correlation length
H; Hurst coefficient
The previous estimation will be obtained in the orbit motion
direction (mean value of multi profiles selected by
considering the radar spatial resolution) or the same
procedure will be applied a priori in two selected
perpendicular direction and finally a proper or the mean
value of the previous results will be available.
If the estimated correlation length is bigger of the size of
selected region (10 km), facets development (accuracy best
of A/4) should be applied.
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K7 i = 7
ST T T 7T

Direction {6 (m) |H Li(m) |k m

X 5.27 0.78 1851 1.88 0.004

Y 7.05 0.86 1716 1.77 0.006

Average |6.16 0.82 1783 1.82 0.005
Fig3  (3.5-4S,112.5-113 E)




GUSEV CRATER

o, =40} + ¢} (degree)

521

G,

386x514

386x514

Direction 6 (m) |H Lm) |M
X (0x=-0.13rad) |115 |0.99 | 1384 0.004
Y (0=0.02 rad) |70 0.79 | 106845 | -

Fig. 4

(13-16 S, 173-177 E)




	Welcome Page
	Hub Page
	Table of Contents Entry of this Manuscript
	Brief Author Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z

	Detailed Author Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z

	Abstracts Book
	Abstracts Card for this Manuscript
	Next Manuscript
	Preceding Manuscript
	Previous View
	New Search
	Next Search Hit
	Previous Search Hit
	Search Results
	Welcome Page
	Hub Page
	Table of Contents Entry of this Manuscript
	Brief Author Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z

	Detailed Author Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z

	Abstracts Book
	Abstracts Card for this Manuscript
	Next Manuscript
	Preceding Manuscript
	Previous View
	New Search
	Next Search Hit
	Previous Search Hit
	Search Results

	footerL1: 0-7803-7871-7/03/$17.00 © 2003 IEEE
	pagenumber515: 515
	footerR1: Radar 2003
	pagenumber516: 516
	pagenumber517: 517
	pagenumber518: 518
	pagenumber519: 519
	pagenumber520: 520
	pagenumber521: 521


